. Interestingly, we now find that low but not high doses types with low but not high doses of UV. Cell cycle arrest occurs despite p21 degradation via Tyr 15 inhibiof UV irradiation lead to rapid loss of p21 protein due to a decrease in half-life of p21. In this study, we have tory phosphorylation of cdk2 and differs from the classical p21-dependent checkpoint elicited by ionizing focused on the regulation of p21 degradation induced by low doses of UV and its functional consequences on radiation. In contrast to the basal turnover of p21, degradation of p21 switches to ubiquitin/Skp2-depenthe checkpoint response. dent proteasome pathway following UV irradiation. ATR activation after UV irradiation is essential for sigResults naling p21 degradation. Finally, UV-induced p21 degradation is essential for optimal DNA repair. These Degradation of Endogenous p21 Protein results provide novel insight into regulation of p21 at Low UV Doses protein and its role in the cellular response to DNA During the course of our studies on DNA damage indamage.
a range of UV dose under the same experimental condiinhibitor, induces single-and double-strand breaks). UV irradiation of cells previously exposed to these types tions. It should be noted that the actual dose of UV delivered depends on the amount of medium/dish. of DNA damage results in rapid degradation of p21 (Figure 1E ). To extend our observations, we examined the effect of low UV doses on p21 protein levels in WI38 (human lung fibroblast), NIH3T3 (contact inhibited murine fibro-UV-Induced Degradation of p21 Requires ATR To investigate the cellular mechanisms mediating p21 blast), mouse embryonic fibroblasts (MEF), HCT116 (diploid human colon carcinoma), HeLa S3 (human cerviprotein degradation after UV irradiation, the effect of various kinase inhibitors was tested (Figure 2A) (Figure 2A ). This S3, 293, Saos-2). Notably, the degradation of p21 protein is not due to decrease in p53 protein level ( Figure 6B) . effect of caffeine was seen in all cell types tested including MEFs (Figure 2A ). In fact, p21 transcription increases after UV irradiation of U2OS cells ( Figure 1D ).
To confirm that inhibition of ATR leads to a failure to degrade p21 after UV irradiation, we used cells in which It is of importance that p21 degradation after UV irradiation is dominant over other forms of DNA damage such deletion of ATR is mediated by . Furright image). We therefore conclude that activation of ATR pathway after UV irradiation is essential for signalther, both p21wt and p21K6R mutant were similarly stabilized by proteasome inhibitors, LLnL and MG-132 ing p21 degradation. p21 protein levels are known to be regulated by the (data not shown). We next analyzed the effect of UV on p21K6R mutant. proteasome pathway. Treatment of U2OS cells with proteasome inhibitor LLnL ( Figure 2C ) or MG-132 (data not U2OS cells transfected with either HA-p21wt or HAp21K6R mutant were UV irradiated. Under the condishown) prevented the decrease in p21 protein level after UV irradiation. Notably, p21 protein exhibits a much tions used here, exogenously expressed p21wt is degraded after UV irradiation, as is the endogenous p21 shorter half-life after UV irradiation as compared to p21 from mock-treated cells (Figures 2D and 2E ). Pretreat-( Figure 3C ). Remarkably, p21K6R mutant is not degraded after UV irradiation, thereby demonstrating that ment of cells with caffeine prevented the UV induced decrease in p21 protein and p21 half-life maintaining ubiquitination is required for degradation of p21 protein after UV irradiation. This result is consistent with the both at the level seen in nonirradiated cells ( Figures 2D  and 2E) .
increase of p21 ubiquitination after UV irradiation seen in Figure 3A . Attachment of ubiquitin to the substrate is mediated UV-Induced Degradation of p21 Is Dependent by a conserved pathway consisting of three compoon Ubiquitination nents: a ubiquitin-activating enzyme (E1), a ubiquitinIn order to directly test the role of ubiquitination at lysine conjugating enzyme (E2), and a ubiquitin protein ligase residues in proteasome dependent degradation of p21 after UV irradiation, we generated a p21 expression vec-(E3) (Hershko and Ciechanover, 1998). ts20TG R cells (Chowdary et al., 1994) grown at 35ЊC express wild-type HA-p21wt and either control vector, or wild-type ubiquitin or K48R ubiquitin mutant were UV irradiated and E1 whereas the restrictive temperature (39ЊC) inactivates E1 and ubiquitination. The half-lives of p21 in extracts analyzed for the presence of exogenous HAp21 ( Figure 3F ). As expected, exogenously expressed ts20TG R cells that were maintained at 35ЊC (active E1) and 39ЊC (inactive E1) were similar ( Figure 3D ). UV-induced HA-p21wt is degraded after UV irradiation and more rapidly in the presence of exogenous ubiquitin. In condegradation of endogenous p21 was observed in ts20TG R cells maintained at 35ЊC (active E1) whereas trast, coexpression of K48R ubiquitin mutant inhibited degradation of HA-p21wt after UV irradiation thereby UV-induced p21 degradation was abrogated when the E1 enzyme was inactivated at 39ЊC ( Figure 3E ). We thereconfirming that polyubiquitination is required for UVinduced p21 degradation. fore conclude that while the basal level of p21 is regulated predominantly by a ubiquitin-independent pathway, the degradation of p21 after UV irradiation switches UV-Induced Degradation of p21 Is Dependent on F Box Protein Skp2 to ubiquitin-dependent pathway.
During polyubiquitination, the carboxyl group of the To confirm that UV irradiation enhances ubiquitination of p21, extracts prepared at different intervals after irraterminal glycine in the incoming ubiquitin forms an isopeptide bond with the ⑀-amino thermore, pretreatment with caffeine abrogates this UV result is consistent with our finding that the half-lives of p21 in ts20TG R cells at 35ЊC and 39ЊC are similar. We dependent p21 ubiquitination ( Figure 4A ). Treatment with adriamycin in the presence of LLnL does not innext determined whether disruption of the Skp2 gene would abrogate UV-induced p21 degradation. UV-induced crease ubiquitination to the extent observed after UV irradiation ( Figure 4A ). These results show that UV spedegradation of p21 protein was observed in wild-type MEFs. Most interestingly, UV-induced p21 degradation cifically targets p21 degradation via ubiquitination and suggests that activation of ATR pathway by UV switches does not occur in Skp2 Ϫ/Ϫ MEFs ( Figure 4D ). These results thus confirm that p21 degradation after UV irradiap21 degradation to ubiquitin-dependent proteasome pathway. tion is dependent on Skp2 whereas the basal p21 level is regulated predominantly in a ubiquitin and Skp2-indeOne major class of E3, the SCF complex formed by Skp1, cullin, F box protein, and Rbx/Roc1 is responsible pendent manner. for ubiquitination of a number of proteins including several proteins of the cell cycle. We tested whether F box UV-Induced Cell Cycle Arrest Is Independent of p21 protein Skp2 associates with p21 after low dose of UV irradiation. Endogenous p21 was immunoprecipitated We find that ongoing DNA synthesis in all cell types shown in Figure 1 (Fig-5C, left image) . Notably, the inhibition of cdk2-associated kinase activity is independent of p21 since p21 ure 4B, right image).
The half-life of endogenous p21 protein is unaffected associated with cdk2 and cyclin E complexes is also degraded after UV irradiation ( Figure 5C, right image) . by disruption of the Skp2 gene in MEFs ( Figure 4C ). This These data indicate that the inhibition of cdk2-associantibody, we observed enhanced Tyr 15 phosphorylation from 1.5 hr after UV irradiation that persists up to 24 hr, ated kinase activity and inhibition of DNA synthesis in response to UV irradiation occurs despite p21 protein thereby suggesting that inhibition of DNA synthesis after UV irradiation is regulated in part by Tyr 15 phosphoryladegradation. It is unlikely that p21 contributes to cell cycle arrest after low doses of UV irradiation since p21 tion of cdk2 ( Figures 5D and 5E ). From these results, we conclude that inhibition of DNA synthesis and G1 protein remains undetectable even after 24 hr of postirradiation (Figures 5D and 5E ). Using phospho-cdk Tyr 15 arrest after UV irradiation are independent of p21.
We next tested whether UV irradiation inhibits DNA synthesis in p21
Ϫ/Ϫ MEFs. Interestingly, UV-induced inhibition of DNA synthesis is p21 independent and is observed in both wild-type and p21 Ϫ/Ϫ MEFs ( Figure 5F ) whereas, under identical conditions, inhibition of DNA synthesis after ␥ irradiation requires p21 as reported (Brugarolas et al., 1995; Deng et al., 1995) . Consistent with this, we observe enhanced Tyr 15 phosphorylation after UV irradiation of wild-type and p21 Ϫ/Ϫ MEFs which persists up to 24 hr ( Figure 5E ). The cell cycle checkpoint response to UV irradiation thus occurs regardless of p21 degradation. Figures 6B and 6C ). It should be pointed out that p21 is not observed in Triton insoluble fraction after low doses of UV irradiation in the three cell lines.
Failure to Degrade p21 after UV Irradiation
We next tested whether failure to degrade p21 may prevent DNA repair after UV irradiation. In order to directly test this, we used p21K6R mutant, which is not degraded after UV irradiation, as it cannot be ubiquitinated. REF-52 cells were transfected with control vector, p21wt, or p21K6R mutant. All cells were cotransfected with puro-BABE to allow selection of transfected irradiated cells (Figures 7A and 7C) with a peak around 6-9 hr postirradiation ( Figure 7C) . Notably, the inhibition of DNA repair by p21K6R mutant was observed from we find that while p21wt protein is degraded after UV irradiation, a p21 mutant in which all the lysines are early time after irradiation ( Figure 7C ) and was depenmutated (p21K6R) is not degraded after UV irradiation. dent on plasmid concentration (Supplemental Figure S2 Unlike the p21wt, p21K6R mutant cannot be ubiquitiavailable at Cell website). Furthermore, control-transnated and has a half-life similar to p21wt protein, in fected cells treated with caffeine show reduced DNA accordance with a previous report (Sheaff et al., 2000) . repair (Supplemental Figure S2 available at Cell webSecond, endogenous p21 protein is not degraded after site). The results of the nuclear accumulation of Triton UV irradiation in ts20TG R cells when E1 enzyme is inactinonextractable PCNA after UV irradiation are in accord vated. In contrast, the basal turnover of p21 is unafwith the UDS assay.
fected upon E1 inactivation. Third, we find that ubiquitip21 is known to bind PCNA (Waga et al., 1994) . Here, nation of endogenous p21 occurs specifically after UV we find that the nuclear accumulation of Triton nonexirradiation. Consistent with this result we also observed tractable PCNA after UV irradiation was prevented if p21 a substantial increase in ubiquitination of exogenous was not degraded. We therefore tested whether p21 p21 after UV irradiation. Finally, while the basal turnover would bind PCNA after UV irradiation by using p21K6R of p21 was independent of F box protein Skp2, endogemutant. In the absence of UV, both p21wt and p21K6R nous p21 degradation after UV irradiation was Skp2 demutant bind a small amount of PCNA ( Figure 7D ). After pendent. Indeed p21 associates with Skp2 only after UV low doses of UV irradiation, while p21wt is degraded, irradiation both in vivo and in vitro. Thus, this study p21K6R is not degraded and it shows increased binding demonstrates that the mode of protein degradation by to PCNA (Figure 7D ). Likewise, if cells are irradiated with the proteasome can switch from ubiquitin-independent high dose of UV, p21wt is not degraded and it also to ubiquitin-dependent proteasome pathway following shows increased binding to PCNA ( Figure 7D ). The se-UV irradiation. questration of PCNA by the nondegradable p21 upon
The p21 degradation after UV irradiation is not cell UV irradiation explains why chromatin association of cycle specific and occurs in cells irradiated in G0 and PCNA and repair is reduced in p21K6R-transfected in G1 phase (data not shown). However, p21 degradation cells.
is delayed by a few hours in UV irradiated G0 cells as Taken with time after UV irradiation and p21 degradation follows. Cells in G1 appear to have sufficient Skp2 to deDiscussion grade p21 after UV irradiation without any delay in kinetics compared to asynchronous cells. In the present study, we show that low but not high High doses of UV irradiation do not lead to p21 degradoses of UV leads to p21 degradation. Our results recondation. The biochemical basis of this regulation remains cile the apparent contradictions in the literature regardto be clarified although posttranslational regulation of ing the increase or decrease of p21 protein levels after p21 can be a potential mechanism. We find that cells UV irradiation. The UV-induced degradation of p21 prodie very fast after high dose of UV irradiation (data not tein that we observe at low doses in a variety of cell shown). Conceivably at high UV dose, the DNA damage types is independent of cell transformation and is not is overwhelming. It is therefore futile to attempt repair determined by the p53 or Rb status of the cell lines.
(by degrading p21) and risk having surviving cells with Notably, although p21 transcription increases after irradamaged DNA. It is possible that caspase activation diation of cells containing p53 with low doses of UV, after high dose of UV irradiation targets the kinase(s) p21 protein is still degraded. The decrease in p21 protein downstream of ATR that regulates posttranslational after UV irradiation was confirmed with four different modification of p21. p21 antibodies.
UV irradiation inhibits cdk2-associated kinase activity Remarkably, we find that this degradation is ubiquitin (Mailand et al., 2000; Poon et al., 1996) and DNA synthedependent in contrast to the turnover of basal p21 prosis (Lu and Lane, 1993) . It is thought that p53-mediated increase in p21 protein is the major mediator of cell tein that is predominantly ubiquitin independent. First, cycle arrest after DNA damage. Strikingly, although we find that BrdU incorporation is inhibited in all the cell types tested in this work, both the free p21 as well as the p21 associated with cdk2 is degraded shortly after UV irradiation. The inhibition of cdk2-associated kinase activity after UV irradiation is therefore independent of p21. We show that Tyr 15 phosphorylation of cdk2 is increased after UV irradiation and persists up to 24 hr thus explaining how the checkpoint is maintained despite p21 protein degradation. Consistent with our result that p21 protein is degraded after UV irradiation in wildtype MEFs, we demonstrate that UV irradiation inhibits DNA synthesis in p21 Ϫ/Ϫ MEFs. In contrast, the inhibition of DNA synthesis after ␥ irradiation requires p21 (Brugarolas et al., 1995; Deng et al., 1995). The cell cycle checkpoint response to UV irradiation described here thus differs from the classical p21-dependent checkpoint elicited by ionizing radiation. For Figure 4B (left image), U20S cells were lysed in buffer containing 50 mM Tris-HCl [pH 7.5], 250 mM NaCl, 0.5% NP-40, 1 mM
